Summary
A common view about visual consciousness is that it could arise when and where activity reaches some higher level of processing along the cortical hierarchy.
Reports showing that activity in striate cortex can be dissociated from awareness [1, 2] , whereas the latter modulates activity in higher areas [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , point in this direction. In the specific case of visual motion, a central, ''perceptual'' role has been assigned to area V5: several human [5] [6] [7] [8] [9] [10] [11] and monkey [12] [13] [14] [15] [16] studies have shown V5 activity to correlate with the motion percept. Here we show that activity in this and other higher cortical areas can be also dissociated from perception and follow the physical stimulus instead. The motion information in a peripheral grating modulated fMRI responses, despite being invisible to human volunteers: under crowding conditions [17] , areas V3A, V5, and parietal cortex still showed increased activity when the grating was moving compared to when it was flickering. We conclude that stimulus-specific activation of higher cortical areas does not necessarily result in awareness of the underlying stimulus.
Results
Dissociating the perceptual from the sensory representation of a stimulus can help in understanding the relationship between brain activity and perception. In this direction, the principle of invariant stimulation, where a constant stimulus gives rise to a varying percept, has been used extensively [18] . Here we use the opposite approach, of keeping the percept constant and looking for neuronal modulation that results from changes in the physical stimulus itself [19] . An area with activity truly reflecting visual perception should be indifferent to such changes, since they never reach perceptual awareness. In order to make stimulus features invisible, we used crowding, in which a visible figure in the periphery becomes unrecognizable when flanked by other, similar nearby stimuli [17] . We were specifically interested in the neural correlates of motion perception and whether higher, motion-related cortical areas would modulate their activity due to motion-information changes that are not perceived. One such area is V5. It is characterized by neurons selective for the direction of motion of the stimulus [20] with responses that follow the animal performance in a direction-discrimination task [12] . The latter is severely impaired in monkeys after lesioning this area [21] , while cortical microstimulation can alter the animal's motion perception [14] , which is in turn reflected in V5 neuronal responses during binocular rivalry [13] . In addition, human fMRI studies of motion perception suggest a strong correlation between V5 activation and perception, by showing it to be activated by illusory motion [5] , the motion after-effect [6] , perceptual alternations of apparent motion [9] , and pattern/component motion stimuli [10] , as well as binocular rivalry [11] . All previous studies, therefore, suggest a direct involvement of this area in the perception of motion. Here we show that the motion information of a peripheral grating modulated V5 responses, despite the fact that it was invisible to subjects because of crowding. A similar behavior was observed in area V3A as well as in parietal cortex. Figure 1 is a schematic representation of the stimuli used. In condition A, the low-contrast target grating was presented alone in the periphery and could be either moving (up/down) or flickering. Condition B was the same except for the presence of two high-contrast flickering distracters, flanking the target from above and below. We used condition A to localize brain areas that were more responsive to motion than to flicker and condition B to test whether these areas were still modulated when the motion information was invisible due to crowding. The performance of the four subjects in a forcedchoice direction-discrimination task (''was that moving upwards or downwards?'') during scanning is shown in Figure 2 . The range between the standard error of the mean performance across scans is plotted. Chance range is calculated with respect to the number of trials in each scanning session (128), using a binomial distribution. Within each scanning session, performance outside this range has a probability of p < 0.01. All subjects performed above chance in the absence of any crowding (green) and within chance levels under crowding conditions (red). Statistical tests on individual subjects showed that both the overall and individual session performance was not significantly different from 50% in any of the subjects (c 2 test, p > 0.01). Dropping the criterion to p = 0.05 resulted in one session (and the overall performance) of subject DA being above chance. Removing this session from the analysis (and thus bringing all subjects/sessions back to chance) had no effect on the main result of the experiment, either at the group or at the individual subject level (see below).
Psychophysics
The fact that the performance of all four subjects in the motion-discrimination task remained at chance levels under crowding reassures us that they maintained stable fixation. A saccade toward the target would not only improve performance but could also interfere with the fMRI signal, as eye movements have been shown to affect the activation of several visual areas [22] . Another concern is that, although subjects could not discriminate motion direction, they might be able to tell the difference between motion and flicker. This was not the case: when asked retrospectively, all four reported that they were unaware of whether the flanked target was moving or not. We further tested two of the subjects outside the scanner as well as two new subjects, in a motion versus flicker task (''was that flicker or motion?'') along with a repeat of the direction-discrimination task. Results are presented in Figure S1 (in the Supplemental Data available with this article online),
showing chance performance at crowding conditions for all subjects in both tasks. Since flicker can be occasionally perceived as motion (without crowding), the motion versus flicker task is actually harder, as is evident in the no-crowding performance. Concerning the crowding performance, the inability to discriminate between motion and flicker could be either because they cannot be seen or because they can be seen but look the same. Although this would not change our main conclusion in any way (see below), it is an interesting point to investigate further. The ratio of motion/flicker responses was not significantly different from 1 in any of the subjects (c 2 test, p > 0.05) both in overall trials and in motion trials or flicker trials alone. Therefore, flicker was not perceived as motion and motion was not perceived as flicker by any of the subjects. Table S1 shows more analytical results of the crowding part of the experiment presented in Figure S1 . We used two further, alternative psychophysical tests to verify these results (see Experimental Procedures for details): Table S2 shows the results of another motion versus flicker task, in which subjects had to decide whether the motion was presented in the first or the second part of each trial (2-IFC). Table S3 shows results from a task in which subjects had to detect the presence of motion in the crowded target. Results from all these controls verified that any motion/flicker information of the crowded target failed to reach subjects' awareness.
fMRI Localization Scans
To define regions of interest (ROIs) responding more to motion than to flicker, we used the statistical comparison motion-flicker in condition A (no crowding). Group results of the corrected statistical map (p < 0.05) revealing brain areas activated by this comparison are shown in Figure 3 . They are presented in horizontal and coronal sections of the glass brain, and repeated three times in order to separately superimpose the position of the three individual areas that also light up in the main (A) In the localizer scans, a 5º 3 5º grating was presented at 15º eccentricity, vertically above fixation. In half of the trials, the grating was moving either upwards or downwards, and in the other half it was flickering. Subjects had to judge the direction of motion in a twoalternative forced-choice paradigm. (B) Same as in (A) but with two flickering distractors, one above and one below the target grating. experiment (see below). In agreement with previous studies [23, 24] , an extended part of prestriate and parietal regions is activated, including areas V5 and V3A. Some selective activation was also found in the V1/V2 region, as reported previously [24] . Activation in premotor and motor cortex also survived the corrected statistics for the motion-flicker comparison, probably because subject responses to the motion trials were not only faster but also more in number than their responses to the flicker trials.
fMRI Main-Experiment Scans The locations of the three brain regions that survived the statistical test for the motion-flicker comparison under crowding conditions (corrected for the number of ROIs) are shown in Figure 3 and include bilateral activation of areas V5 and V3A, as well as that of a region in parietal cortex (PC). Response time courses of these three areas are shown in Figure 4 : under normal conditions, all three increase their response when going from flicker to motion (dark gray), compared to the opposite (light gray). Changing from flicker to motion under ''invisible'' crowding conditions also causes a signal increase in all three areas, while the opposite transition causes the signal to drop. Whereas in the normal condition the motion signal surmounts the flicker signal at 4-5 s after the physical swap of the stimuli, it takes 7-8 s in the crowding condition. This is probably due to the permanent presence of the flankers and reflects either a true decrease in the neural signal-to-noise ratio (and thus a delay in response) or an effect on the hemodynamic response function of the region. Also, with the exception of area V3A, the overall magnitude of the response is smaller with crowding. Figures 3 and 4 are from the group analysis, where all sessions/subjects are averaged together. In order to exclude the possibility of a strong artifact (e.g., eye movements) in a single subject resulting in the effect presented above, we also performed single-subject analysis. In each individual, uncorrected statistics (p < 0.001) were used to localize V3A, V5, and PC under the no-crowding condition. We then tested whether each of these regions responded more to motion than to flicker under crowding. Table S4 gives the Talairach-coordinates of individual-subject brain regions modulated by invisible motion, as well as the coordinates of the same regions in the group result. A statistically significant effect was found in 6/8 hemispheres in V5 and V3A and in 4/8 hemispheres in PC. The former two areas showed a significantly different activation in 4/4 subjects, whereas the latter in only 3/4. There is good agreement between area location in each hemisphere both within and between subjects. Individual results for subject DA are presented in Figure S2 , with and without the session in which the performance under crowding was the best (see above). Although in areas V3A and V5 (but not PC) the difference in activation is slightly higher in this best session, the effect remains statistically significant when the session is excluded. Individual results are also important because we have monitored eye movements in only 2/4 subjects (no difference in the The position of areas V3A, V5, and PC (parietal cortex), indicated by arrows, shown on glass-brain representations of the activation map produced by comparing motion versus flicker without crowding (condition A in Figure 1 ). distribution of eye position between motion and flicker condition was observed). The reproducibility of the result in all subjects suggests that the motion-specific activation observed under crowding conditions reflects a true property of these areas, namely that they can be modulated by changes in motion information that never reach awareness.
Discussion
Where is consciousness located in the brain? The percentage of perceptually modulating neurons increases as one moves from the early to the higher areas of the visual cortex [3, 4, 13] . With respect to motion specifically, V5 activity reflects accurately the motion percept in both the monkey [12] [13] [14] [15] [16] and the human [5] [6] [7] [8] [9] [10] [11] . In addition, area V3A, together with V5, have been shown to strongly correlate with perceptual alternations during binocular rivalry [11] , and both V3A and PC (as well as V5) were activated in imagery motion experiments [7] , suggesting a role for all these areas in motion perception that is dissociated from any sensory representation. On the other hand, human fMRI studies have shown that V1 activity can also be modulated by binocular rivalry [25, 26] , even at monocularly driven regions of this area [27] . Activity in V1 has also been shown to be strongly linked to contrast perception near threshold [28] . Although these studies suggest that perceptually modulating activity is not a privilege of the higher areas alone, the possibility remains that such a modulation is the result of feedback connections from higher areas. Supporting this view, a dissociation between activity in striate cortex and perception has also been demonstrated: by means of crowding, orientation-specific activation of V1 was shown to be deprived of any conscious experience [1] . Such unconscious V1 activation has also been detected in recent human fMRI experiments [2] .
Here we show that motion-selective visual information that reaches higher visual areas can also fail to lead to any conscious perceptual experience of the underlying stimulus. To demonstrate this, we used crowding [17] , which has been also reported to make motion invisible in several previous studies [29] [30] [31] [32] [33] . Our result fits nicely with some of this previous psychophysical work, which shows that motion after-effects can be preserved after adaptation to higher-level invisible motion [29, 30] . Therefore, as with V1, stimulus-specific activity in areas V3A, V5, and PC is not sufficient for consciousness. Similarly, nonperceived faces and houses have been previously shown to selectively activate the fusiform face area (FFA) and the parahipocampal place area (PPA), respectively [19] . These and the present results suggest that a simple dissociation between early, low-level ''processing areas'' and later, higher-level ''perceptual areas'' is far too simplistic. In addition, given the extensive evidence implicating area V5 in motion perception, the present findings warn one to be cautious about excluding a region's contribution to awareness based on observations of ''unconscious activation.'' What could be the critical factor for whether a stimulus is perceived or not? In some cases, the perceptual stage of a subject has been shown to depend upon the amount of preferential activation present in the brain [8, 34] (the threshold model of perception). Specifically, a patient with a total loss of area V1 has been previously reported to perceive motion consciously depending on the magnitude of V5 activation [8] . Similarly, although areas PPA and FFA are able to distinguish between invisible faces and houses, their activity is higher when these stimuli are consciously perceived [21] . In the present study, we found motion-specific activation irrespective of perception, but the magnitude of this activation in V5 and PC (but not in V3A) was greater when the motion was perceived compared to when it was not. Further experiments are necessary to test such a ''quantitative'' relationship between brain activity and perception, and whether the former is actually causing the latter or simply reflects its presence without a direct causal role. Given the evidence available at present, it seems unlikely that the functional role of any visual area in perception will prove to be all or none.
Experimental Procedures Subjects
Six healthy right-handed volunteers (2 male) with normal or corrected-to-normal visual acuity, aged 25-35, participated in this study. All gave informed consent in accordance with the Declaration of Helsinki, and the Ethics Committee of the National Hospital for Neurology and Neurosurgery, London, UK, granted ethical approval for the study. Two of the subjects participated in the psychophysicswith-fMRI experiments only, two in the outside-the-scanner psychophysical testing only, and two in both.
Stimulus Arrangement and Presentation
All stimuli were constructed on a power PC with COGENT 2000 Graphics (available at http://www.vislab.ucl.ac.uk) running in MATLAB (Mathworks Inc). A schematic representation of the stimulation setup is shown in Figure 1 . A square-wave grating was presented in the periphery, either alone (A: normal condition) or flanked above and below by two similar flickering gratings (B: crowding condition). This target grating was at 5% contrast and consisted of five full cycles, had a total size of 5º 3 5º, and was presented at 15º eccentricity, via a 60 Hz display. In the case of crowding, the targetdistractor gap was 0.4º. The flankers had the identical spatial configuration with the target but were presented at 67% contrast. The frequency of the flicker was 7.5 Hz and that of the motion 3.75 Hz (masking was not effective if the motion and flicker stimuli had the same frequency). The mean luminance of the target and flankers were 71 cd/m 2 and 67 cd/m 2 , respectively. Subjects had to decide whether the target grating was moving upwards or downwards (were forced to choose between ''up'' and ''down'' as a response). Before scanning, each subject was trained in this direction discrimination task inside the scanner. The training lasted until the performance of the subject was stabilized at above chance levels for the normal condition (got used to brief presentations of upward/downward motion) and chance levels for the crowding condition (learned to suppress eye movements toward the target). Stimulus duration was independently varied in each subject to help achieve this desired performance. Psychophysical testing was then performed during scanning. Each scanning session could be either of type A or B and consisted of four hyper-blocks of stimulation, each of which was proceeded and followed by a 16 s fixation-only period. Each stimulation hyper-block consisted of 4 3 16 s alternating blocks of motion and flicker stimulations, each of which in turn consisted of 16 3 1 s stimulus presentations. Each single stimulus presentation (either motion or flicker) was 1 s in duration and, depending on the subject, consisted of a 150-300 ms ON period, followed by a 850-700 ms OFF period during which she/he had to give a response. A whole scanning session was therefore of the form F-(m/f/m/f)-F-(f/m/f/m)-F-(m/f/m/f)-F-(f/m/f/m)-F (F, fixation; m, motion; f, flicker) and lasted for a total of (5 3 16) + (4 3 4 3 16) = 336 s (5.6 min). Because of the block design of the experiment, a direction-discrimination task instead of a motion versus flicker task was used. In this way, we made sure that a momentary failure of crowding (e.g., eye movement) would not give away the correct answer for the following conditions.
Three additional psychophysical tasks were performed in 2/4 subjects (+2 new subjects) outside the scanner. In the first control task, subjects after each trial were forced to choose whether the target was moving or flickering, instead of whether it was moving up or down. This motion versus flicker task was done under both crowding and no-crowding conditions, along with a repeat of the original up versus down task. In the second control task, each trial contained two intervals, one with a crowded motion and one with a crowded flicker. Subjects were forced to choose whether the motion occurred in the first or second interval of the trial. In the third control task, there was only one crowded stimulus per trial, and subjects were instructed to respond ''yes'' if they perceived it as moving, and ''no'' in all other cases (note that a ''no'' response does not imply perceiving flicker). In all psychophysical tasks there was an equal number of motion and flicker (or motion-first and flicker-first) trials.
MRI Acquisition and Analysis
Functional magnetic resonance data were acquired on a Siemens 3T Allegra scanner (Siemens, Erlangen, Germany) fitted with a headcoil. Subjects viewed a screen via an angled mirror onto which stimuli were projected by an LCD projector. BOLD contrast weighted echoplanar images (EPIs) were acquired for all functional scans, with 38 slices covering the whole brain with a TR of 2.47 s. The first six images of each session were discarded, to allow for T1 equilibration effects. A T1-weighted anatomical image was also acquired at the end of each experimental session. All images were preprocessed with SPM2 (available from the Wellcome Department of Imaging Neuroscience at http://www.fil.ion.ucl.ac.uk/spm). Images acquired for both the normal and crowding sessions studies were all realigned to the first volume of the first normal session by means of sinc interpolation. Every image was then spatially normalized via a template that corresponds to the MNI reference brain in Talairach space, spatially smoothed with a Gaussian kernel of 6 mm full-width at half-maximum, and temporally filtered with a high-pass filter with a cut-off of 1/128 Hz. Serial autocorrelations were modeled by an AR(1) method. All data were analyzed with SPM2 and MarsBar (http://marsbar.sourceforge.net/) software packages. For the normal condition, we used a single voxel-based analysis in which BOLD time courses from each individual voxel were regressed onto models of the stimuli. The results of this study were used to define regions of interest (ROIs) corresponding to areas of the brain responding more to motion than to flicker. We then used the average time courses from these ROIs in our regression analysis of the crowding condition to see which ones could still discriminate between motion and flicker stimulation. We identified the ROIs based on their anatomical positions and functional properties (motion> flicker) based on the previous literature. For both the single-voxel and the ROI analyses, we modeled each of the two conditions separately as a simple boxcar waveform to create regressors of interest. Fixation-only periods and subjects' button presses were not modeled. Also included in the regression analysis were six parameters corresponding to the subject's head movement, which were generated during the realignment stage. All regressors were convolved with a hemodynamic response function and entered into a general linear model [35] . In 2/4 subjects, eye movements were also recorded with an ASL model 504 LRO infrared video-based eye tracker (Applied Science Laboratories, Bedford, MA) sampling at 240 Hz. Eye position was computed online by an ASL 5000 series controller and fed asynchronously into the stimulus-generating PC.
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